Combustion test diagnosis has always been one of the most important technologies for the development of aerospace engineering. The traditional methods of measurement have been unable to meet the requirements of accurate capture of the flow field in the development process of the aeroengine combustor. Therefore, the development of high-precision measurement and diagnostic techniques to meet the needs of the aeroengine combustor design is imperative. Laser diagnostics techniques developed quickly in the past several years. They are used to measure the parameters of the combustion flow field such as velocity, temperature, and components concentration with high space and time resolution and brought no disturbance. Planar laser-induced fluorescence, coherent anti-Stokes Raman scattering, tunable diode laser absorption spectroscopy, and Raman scattering were introduced systemically in this paper. After analysis of their own advantages and disadvantages, the authors considered validated Raman scattering system and Tunable Diode Laser Absorption Tomography are more suitable for research activities on aeroengine combustion systems.
Introduction
The development of gas turbine technology is crucial for national security, energy security, and environment protection. For both engines for military airplane (pursuing for high thrust-weight ratio) and ground civilian gas turbine (pursuing for high thermal efficiency), the goal is to increase the pressure ratio for high thermal efficiency and the combustor exhaust temperature for high specific thrust [1] [2] [3] , which requires precise measurement and diagnostic technology.
Traditional measurement methods, such as thermal couples for temperature measurement and gas chromatographer for species concentration in the gas measurement, generally need probes to obtain the sample gas, which could disturb the flow field, and may cause shockwaves in supersonic flow field or catalytically react with sample species [4, 5] . At the same time, the turbulent flow field in the gas turbine combustor is so complicated that it leads to another shortcoming of traditional diagnostic tools; it is hard to setup and capture the detailed flow field information inside the combustor. The deficiency and inaccuracy of the traditional measurement technology have become the obstacle for the development of advanced aeroengines.
The laser diagnostic tools are superior over traditional contacting tools, because they bring no disturbance to the flow field. The laser measurement technology will be also able to extend the traditional point measurement to the line or plane measurement. Because of these merits, the laser measurement technology would help to measure and obtain the information of the detailed transient combustion flow field inside the combustor and has been recognized and applied in the design and development process of the gas turbines [6] . This paper will introduce four different popular laser diagnostic methods, which have little influence on the flow field but with very high accuracy. 
Planar Laser-Induced Fluorescence (PLIF)
Planar laser-induced fluorescence (PLIF) is an optical diagnostic technique widely used for flow visualization and quantitative measurements. It has been shown to be used for velocity, concentration, temperature, and pressure measurements in [7] . In PLIF measurement system, the flow field is illuminated by a laser light sheet whose wavelength tuned to excite a particular transition; please see Figure 1 . A fraction of ground state molecules of the flow absorb the incident light and are excited to a higher electronic energy state. The excited species exist only in the order of a few nanoseconds to microseconds; afterwards the excited species deexcite and emit light at a wavelength larger than the excitation wavelength, which can be captured by a digital camera. A typical PLIF system consists of a source of light (usually a laser), an arrangement of lenses to form a sheet, fluorescent medium, collection optics, and a detector. The light from the laser (usually a beam) passes through a set of lenses and/or mirrors to form a sheet, which is used to illuminate the medium. This medium either is made up of fluorescent material or can be seeded with fluorescent substance. The signals are usually captured by a CCD or CMOS camera and can be related to various properties of the medium.
One important application of PLIF is the combustion-LIF system. The system employs a laser light source with light sheet optics to illuminate a thin plane of the combustion process. The laser wavelength is tuned to correspond to an energy transition within the molecular species of interest, resulting in absorption of the light, thus leading to excitation of some of the molecules to a higher electronic energy state.
Due to collisions between the molecules in the gas, a redistribution of energy occurs immediately after the excitation, causing a population of closely adjacent energy states, subsequently returning to a lower energy state with a part of the excess energy released as photons, which is commonly known as fluorescence.
As a result of the energy redistribution, the fluorescence is to a large extent shifted towards longer wavelengths, relative to that of the excitation. Detection of the fluorescence is generally done at these red-shifted wavelengths so as to minimize interference from scattered laser light [7] . A spectral filter is placed in front of the camera lens, allowing only the fluorescence to reach the intensified camera.
In 1990, McMillin et al. used PLIF technology to measure the structure of shock by heat flow imaging of NO in shock tube [8] . In 1999, Frank et al. get the imagines of OH in the aeroengine combustor chamber under different pressure (maximum test pressure is 2026.5 kPa) by using PLIF technology [9] . In 2002, Hanson used PLIF technology to study the supersonic combustion [10] . In 2005, Seyfried et al. measured the residual fuel concentration and temperature distribution in afterburner of RM12 engine by PLIF and LIP technology [11] .
Compared with other techniques, PLIF has its own advantage. For example, PLIF can be combined with Particle Image Velocimetry (PIV) to measure the species concentration and velocity simultaneously [12] . A PLIF and PIV optical system can be seen in Figure 2 . But there are also some limitations for this kind of technology; for example, (i) the measured flow field must contain molecular species with an optical resonance wavelength that can be accessed by laser;
(ii) temperature measurements typically require two laser sources;
(iii) velocity measurements are usually practical only for high Mach number flows (near sonic or supersonic);
(iv) signal-to-noise ratio is often limited by detector shotnoise;
(v) fluorescence interferences are from other species, especially from hydrocarbons in high pressure reacting flows.
Coherent Anti-Stokes Raman Scattering (CARS)
Coherent anti-Stokes Raman scattering, also called coherent anti-Stokes Raman spectroscopy, is a form of spectroscopy used primarily in chemistry, physics, and related fields [13] . It is a nonlinear four-wave mixing process that is used to enhance the weak (spontaneous) Raman signal. As shown in Figure 3 Figure 2 : Schematics of the optical system used for simultaneous OH-PLIF and PIV measurements [12] .
mode at 2800 cm −1 , the molecular oscillators are coherently driven [14] . This results in an enhanced anti-Stokes (shorterwavelength) Raman signal that is the basis for the increased vibrational contrast of CARS.
Using the CARS method with a broad pump probe and a narrow Stokes band, it allows us to excite multiple vibrational coherences at once. This method has been utilized to investigate vibrational responses around 3000 cm −1 . Using a high resolution phase shaper to scan a p-phase step through the broadband pump/probe spectrum, it is able to obtain nonresonant background-free CARS spectra with a resolution of 1 cm −1 . The nonresonant background is removed by using the inverse phase-profile signal from the original scan, exploiting the time-reversal asymmetry of the resonant signal.
CARS is now often compared to Raman scattering as both techniques probe the same Raman active modes. The differences between signals from Raman and CARS stem largely from the fact that Raman relies on a spontaneous transition while CARS relies on a coherently driven transition [15] . Given the fact that CARS is a higher order nonlinear process, the CARS signal from a single molecule is larger than the Raman signal from a single molecule for a sufficiently high driving intensity. However, at very low concentrations, the advantages of the coherent addition for the CARS signal are reduced and the presence of the incoherent background becomes an increasing problem.
NASA Langley Research Center (LRC) and United Technology Research Center (UTRC) are main organizations to promote the development of CARS technology and its applications [16] [17] [18] [19] .
During 1980-1995, the applications of CARS on the combustion flow field in aeroengine combustor, supersonic combustion flow field in scramjet, and the combustion flow field with solid propellant were studied. Except obtaining the preliminary results of the measurement, the research also included the feasibility study of CARS in the actual engine combustion diagnosis, measurement scheme design, and noise processing. The results of the study also showed that there were many factors that could affect the measurement results, such as laser mode and pulse time characteristic.
After 1999, some new research topics were developed; for example, a multiphoton microscopy based on coherent antiStokes Raman scattering is accomplished with near-infrared ultrashort laser pulses for 3-vibrational imaging, which was with high sensitivity, high spatial resolution, noninvasiveness, and three-dimensional sectioning capability [20, 21] ( Figure 4 ).
In conclusion, CARS has several obvious advantages:
(i) Due to the anti-Stokes shift, the CARS signal is of shorter wavelength than one-photon fluorescence. This allows detection in the presence of a strong fluorescent background.
(ii) Coherent addition of CARS fields generates a large signal. Nonlinear dependence on excitation intensities produces inherent 3D resolution.
(iii) Low absorption of the near-infrared excitation beams would significantly reduce the damage in samples.
Tunable Diode Laser Absorption Spectroscopy (TDLAS)
4.1. TDLAS. Tunable diode laser absorption spectroscopy (TDLAS) is a technique used to measure the concentration of certain species such as methane and water vapor. TDLAS is by far the most common laser based absorption technique for quantitative assessments of species in gas phase [22, 23] . As shown in Figure 5 , a basic TDLAS setup consists of a tunable diode laser light source, transmitting optics, an optically accessible absorbing medium, receiving optics, and detectors. The emission wavelength of the tunable diode laser is tuned over the characteristic absorption lines of a species in the gas [24] . This causes a reduction of the measured signal intensity, which can be detected by a photodiode, and then can be used to determine the gas concentration and other properties as described later.
TDLAS system has often been used to measure CO and CH 4 on an aircraft platform. The airborne spectrometer known as DACOM (differential absorption carbon monoxide monitor) uses two independent laser channels to access simultaneously the absorption lines from CO and CH 4 in the 4.7 and 7.6 m regions, respectively. These airborne measurements are extremely useful in characterizing the geographical distribution of both gases, detecting the chemical signature of biomass plumes conveyed by long range transportation, identifying air mass changes and their potential origins, and studying vertical transport.
The advantage of TDLAS over the other techniques for concentration measurement is its ability to achieve very low detection limits. Apart from concentration, it is also possible to determine the temperature, pressure, and velocity.
The main disadvantage of TDLAS is that this kind of technology highly depends on the measurement of a small change of a signal on top of the background. Any noise introduced by the light source or the optical system will deteriorate the detectability and precision of this technique.
There are basically two ways to improve on the situation: one is to reduce the background noise, and the other is to increase the absorption sensitivity. The former can be achieved by the use of a modulation technique, and the latter one can be obtained by placing the gas inside a cavity in which the light passes through several times, thus increasing the interaction length. If the technique is applied to trace species detection, it is also possible to enhance the signal by performing detection at wavelengths where the transitions have larger line strengths, for example, using fundamental vibrational bands or electronic transitions.
TDLAT.
TDLAS is a path-integrated line-of-sight (LOS) measurement and thus does not produce spatially resolved distributions. Recently, a new relative technology, Tunable Diode Laser Absorption Tomography (TDLAT), combines TDLAS with computed tomography (CT) which have been developed [25] [26] [27] . It is a nonintrusive measurement technique for determining two-dimensional spatially resolved distributions of temperature and species concentration in high enthalpy flows. Unlike TDLAS, the TDLAT technique results in a 2D spatially resolved measurement plane. Over 2500 individual TDLAS LOS measurements are collected at numerous locations surrounding the flow of interest and then mathematically reconstructed using MATLAB's ifanbeam tomographic inversion algorithm.
Theory for the TDLAT system is comprised of absorption spectroscopy and computed tomography techniques. First, absorption spectroscopy theory is utilized to analyze and prepare the collected data for tomographic inversion. Second, computed tomography is used to reconstruct the two-dimensional absorbance fields. Lastly, absorption spectroscopy theory is again utilized to obtain the thermodynamic properties of interest at each spatial location [27] . Figure 6 shows the TDLAT system was tested on a NASA Langley flat flame burner. The measurement of an opaque 6 Journal of Sensors object was performed and the sonogram and the tomographic reconstruction of the opaque object were showed in the figure.
The Beer-Lambert law expresses the relationship between the transmittance of light through a gas mixture and the resulting optical absorption of individual species. The BeerLambert law states that the transmittance, V , which is the ratio of the transmitted intensity, , to the incident intensity, 0 , is proportional to the exponential of the product of path length, [cm] , and V , the spectral absorption coefficient [cm] of the absorbing species:
where V is termed the absorbance. The spectral absorption coefficient is given by
where ( ) is the transition line strength [cm
, is the number density of the absorbing species [molecules cm −3 ], and V is the lineshape function [cm] approximated by a Voigt function. The Voigt function is the spectral lineshape resulting from the convolution of independent Doppler and Lorentzian line broadening mechanisms.
When applied to a supersonic combustor model with hydrogen injection, TDLAT can be utilized to gain understanding of the combustion efficiency. The spatially resolved water vapor concentration resulting from the TDLAT technique can be combined with stereoscopic PIV (which results in 3D velocity vectors) and thus the water vapor flux can be calculated. This measured flux, when compared to the known injected hydrogen flux, can be used as a direct measurement of combustion efficiency in hydrogen-air combustors. This approach is described by the following equation:
where
is the spatially resolved water number density distribution from the TDLAT measurement, ( , ) is the axial velocity distribution from the SPIV measurement, anḋH ydrogen,injected is the total hydrogen flux injected into the combustor.
Raman Scattering (RS)

Principle of Raman Scattering.
The molecule elastic scattering of laser photon is Rayleigh scattering. For Rayleigh scattering, there is no energy exchange between the molecule and photon, and the scattering photon has the same frequency as the income laser, but the scattering photons spread in all directions. However, Raman scattering is the result of inelastic collision between molecule and incoming laser photon. There is energy exchange between laser photon and the scattering photon, so the scattering photon has a different frequency to the laser photon. Theoretically, molecule has Raman scattering with any incoming light with enough frequency; a high power single frequency laser is needed for generating enough scattering signal practically. The laser source can be a visible laser or a ultraviolet laser. The Raman scattering with visible laser is called visible Raman scattering, and vice versa, for UV Raman scattering. It is called Stokes scattering if the incoming laser photon loses energy and scatters lower frequency photon, so it is same for the anti-Stokes scattering.
Quantum mechanics has shown that the energy of the gas molecule is not continuous and energy level is discrete. The energy levels of other energy modes are obviously discrete. During the collision of photon and molecule with energy exchange, the vibration and rotation energy level of some molecules change and this molecule energy change is equal to the energy difference between the scattering photon and the incoming photon. Since different molecules have different vibration and rotation energy level, the Raman scattering frequency shifts are different. This frequency shift can be used to identify different species in the fluid. Meanwhile, the Raman scattering signal is proportional to the number density of the species. So the Raman scattering technology can be used to measure different species concentration simultaneously. In the practical laser diagnostics, the vibration frequency shift is often used, because the vibration energy level is large and frequency shift is easily observed. Figure 7 shows the energy exchange scheme for the above-mentioned Rayleigh and Raman scattering. The size of the arrow represents the strength of the scattering signal. The Raman scattering signals are obviously less than that of Rayleigh scattering; so the Rayleigh signal should be filtered out in the Raman scattering signal collection. The Stokes Raman scattering signal is much stronger than that of anti-Stokes scattering signal. That is why the Stokes Raman scattering is used for laser diagnostics.
The signal intensity of Stokes Raman scattering is
( ) is the temperature-dependent calibration factor, is the Raman scattering cross section, is the length of the laser beam, is gas species number density, and is the laser energy. Also ∝ −4 , and the smaller the laser wavelength (the higher the laser frequency), the stronger the scattering signal. That is why the UV Raman scattering is much more attractive than the visible Raman scattering. The signal of UV Raman scattering is strong enough to make it suitable for single shot measurement, broadening its application to resolve the transient behavior of the turbulent reacting flow, while the visible Raman scattering signal is much stronger now than ever before, because of development of the high power laser source, and it may be generally suitable for both transient and steady flow field measurement.
Validation and Application of Raman Scattering System.
At present, there is no commercial Raman scattering system for sale and experienced experimentalists are needed to build and operate this kind of expensive system. The Laser Diagnostic Lab at Vanderbilt University has both the visible and UV Raman scattering systems [28] . A brief description of their visible Raman scattering system in Figure 8 is as follows.
The laser is a frequency-doubled, pulsed Nd:YAG laser (532 nm, 7 ns long @ 10 Hz). The laser beam passes through a zero-order wave-plate mounted at the exit of the laser followed by a thin film plate polarizer at its Brewster angle to enable continuous adjustment of the laser energy. The attenuated beam then goes through a pulse stretcher. By using 3 beam splitters, the laser beam is split into 3 sets of beams trapped in the 3 optical ring cavities with different amount of delay. A laser pulse approximately 150 ns long is produced. The laser light is focused by a 300 mm focal length lens. The scattered Raman light is collected at 90 ∘ using an F/2 achromat (3 diameter) focused by a second achromat (F/7.5) onto the entrance slit of the spectrometer. The focused signal is collimated by a defocusing mirror, and then the signal is dispersed by a liquid-nitrogen-cooling, back-illuminated CCD camera. The CCD camera is gated by a ferroelectric liquid crystal shutter and a mechanical shutter to reduce the background flame emission. The Rayleigh scattered light is blocked by an OG-550 orange glass filter, and the flame illumination in the infrared region is blocked by an infrared filter.
The calibration and validation of the Raman system can be carried out with the Hencken burner. The burner produces a lot of tiny diffusion flames at the exit of the burner. In the region around 100 mm above the burner, all these tiny diffusion flames merge together and form the adiabatic equilibrium condition. The temperature and species concentration in this region can be calculated with Chemkin Equil. With calculated temperature and species concentration, the Raman scattering system can be calibrated and validated.
The research team has used the visible Raman scattering system of Vanderbilt University to measure the detailed structure of H 2 /air tubular flames. The collected Raman signal image and integrated signal curves are shown in Figure 9 . The measured flame structure was used to validate the numerical simulation. As shown in Figure 9 , the simulation is very accurate and has perfect agreement with the measured data.
The research group at Vanderbilt University also used the UV Raman system [29] to measure the species concentration Journal of Sensors 9 UV Raman setup at WPAFB Figure 10 : UV Raman setup at WPAFB [29] .
Run with combustion
Nonreaching fuel and air inside a supersonic cavity combustor in Wright-Patterson Air Force Base (WPAFB) as in Figures 10 and 11 . This kind of measurement in real devices is very important to understand the working mechanism of the device and calibrate and validate the CFD simulations. Particularly, in the supersonic or hypersonic reacting flow field, there is no other method to perform this kind of measurement.
Molecule Tagging Velocimetry (MTV)
6.1. Principle of MTV. The high speed and high temperature feature inside the combustor of aeroengine excludes the measurement methods that disturb the flow field severely. The relatively mature velocity measurement methods of laser diagnostics are particle based velocimetry including LDV (Laser Doppler Velometer), PIV (Particle Image Velocimetry), and PDV (Planar Doppler Velocimetry) [6, 30] . These methods use the solid particles much larger than molecule size; the particles are under the drag force, virtual mass force, and basset force; the result of these forces is negligible in the low speed flow field and the particle movement reflects the fluid molecule movement quite accurately.
To overcome the disadvantages of the above-mentioned particle based velocimetries, scientists have tried a lot of advanced laser diagnostic technology. Particularly, scientists have invented the Molecular Tagging Velocimetry (MTV) method for velocity measurement and applied it for supersonic combustion [30, 31] .
The MTV method uses laser grid to mark specific flow molecule or atom; after a specified time delay (microseconds), another plane laser is excited to read the location of the marked molecules. The node location difference between the marking grid and the reading grid gives out two-dimensional travel distance of the excited molecules. Dividing by the specified time delay, two-dimensional velocity of the grid nodes is obtained. The tagging molecule has multiple choices such as NO, NO 2 , Na, C 3 H 6 O, and C 4 H 6 O 2 . However, these species are costly or toxic; they are not good for application. The combustion laser diagnostic group at Vanderbilt University found a perfect tagging molecule: the OH radical resulting from dissociation of water vapor. Since water vapor is everywhere, in the air and in the combustion product, there is no need for adding extra tagging molecule in the flow field. This Molecular Tagging Velocimetry is called Hydroxyl Tagging Velocimetry (HTV). A brief description of HTV mechanism is stated here; more detailed information could be found in Wehrmeyer et al. [32] . The 193 nm laser passes a beam splitter forming two laser beams; then the laser beams pass through x (mm) Figure 12 : Picture of the supersonic cavity combustor [33] .
the spherical lenses to form plane laser sheets and then pass cylindrical lenslets to form an 11 * 11 laser grid. The high energy of ultraviolet laser will dissociate the H 2 O to OH (tagging molecule) and H in the fluid. The original location of the tagging OH is the location of laser grid. This process is called the laser writing process. After a certain time delay, a plane laser (248 nm, 282 nm, or 308 nm) paralleling to the original grid passes the fluid in the region near the original writing location to read the new location of the generated OH through laser-induced fluorescence. This process is called laser reading process. The postprocessing software will compare the node location of the writing grid and reading grid and calculate the distance and two-dimensional velocity.
HTV Applications.
There is no commercial HTV system available in the market now. It requires experienced experimentalist to design and build the system. The equipment is also very expensive. However, the benefit of this technology is so attractive that it has already been used in the aeronautical and astronautical industry since its first appearance. Professor Pitz's group at Vanderbilt University measured the flow field in the supersonic combustion cavity in Wright-Patterson Air Force Base (WPAFB) laboratory [32] . Figure 12 shows the structure of the supersonic combustion cavity and Figure 13 displays the schematic of the HTV experiment system. Figure 14 shows the measured mean and RMS velocity inside the cavity.
HTV method is also appropriate for combustion flow field. The space resolution of this technology is less than 100 micrometers; the time resolution is less than 1 microsecond. The uncertainty of the measure velocity is around ±1% for high speed flow.
Conclusion
Different kinds of advanced laser diagnostic techniques are introduced and their potential applications in aeroengine combustor research are analyzed. All of them require no probes, no particles, and no addition of extra species and have zero disturbances to the flow field. Spontaneous laserinduced Raman scattering technology can measure multispecies concentration simultaneously and then the temperature can be calculated. After calibration and validation, Raman scattering system has advantages over other technologies lying in broad measurement range, high time and space resolution, and tiny experimental uncertainty. The information would promote the fundamental research, design, and control of the flow field in the aeroengine combustors.
